Abstract: Adalimumab is a fully humanized anti-tumor necrosis factor alpha monoclonal antibody that was recently granted regulatory approval in the USA for the treatment of moderate to severe Crohn's disease (CD) in children. Like infliximab, the first biologic agent used to treat pediatric CD, regulatory approval was secured many years following approval for adults. The long delay between adult and pediatric approval has led to many years of off-label use of adalimumab, although it is anticipated that the use of adalimumab may further increase with official regulatory approval. To date, pediatric literature on the use of adalimumab for treatment of CD is limited, and pediatric practitioners have mostly extrapolated from research and experience provided by the adult literature. The aim of this paper is to review the literature regarding adalimumab for the treatment of pediatric CD, and includes a review of landmark adult studies as well as the pivotal pediatric study that facilitated regulatory approval. We also discuss the role of anti-tumor necrosis factor alpha agents including adalimumab in the current treatment paradigm for pediatric CD.
Introduction
While the precise etiology of Crohn's disease (CD) remains unknown, current evidence suggests that intestinal inflammation arises due to an abnormal response of the intestinal immune system to the fecal microbiome in genetically predisposed individuals. 1 This inflammation can lead to significant gastrointestinal symptoms, including abdominal pain, diarrhea, and bleeding, resulting in weight loss and nutritional compromise. Complicated disease, including stricturing and perforation, as well as abscess formation, often results in the need for surgical intervention. Poor bone health, growth failure, delayed puberty, and a variety of extra-intestinal manifestations, such as arthritis and liver disease, as well as impaired psychosocial development, are commonly observed. [2] [3] [4] [5] [6] [7] The incidence of pediatric CD is estimated to be about four to seven per 100,000 8, 9 and is likely to be on the rise. 10, 11 Approximately 25% of newly diagnosed cases of CD occur in individuals younger than 20 years of age, and in general, this younger population often has a more severe clinical phenotype. 12, 13 Further, compared with adult patients, a higher frequency of corticosteroid and immunomodulator use has been reported in newly diagnosed children. 14 However, despite relatively frequent use, it is not clear that use of immunomodulators and corticosteroids, often referred to in the literature as "conventional therapy", changes the natural history of the disease or ameliorates progression to intestinal stricturing and perforation. Moreover, "conventional therapies" have not been shown to reverse CD-associated growth delay. 2 Biologic therapy is the newest class of medication indicated for the treatment of CD. A biologic agent is a medication that specifically targets immune or genetic mediators of disease. The first drugs in this class approved for inflammatory bowel disease were anti-tumor necrosis factor alpha (TNF-α) agents. Infliximab, a mouse-human chimeric monoclonal anti-TNF-α antibody, was the first biologic agent approved for inflammatory bowel disease in adults, initially for CD in 1998 and then subsequently for ulcerative colitis (UC) in 2005. [15] [16] [17] [18] [19] [20] It was then approved for pediatric CD and UC in 2006 and 2011, respectively. [21] [22] [23] [24] [25] [26] [27] [28] [29] It is currently also approved for rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis, and plaque psoriasis. It is administered by infusion generally every 8 weeks following induction.
Adalimumab, the focus of this paper, is a fully humanized anti-TNF-α monoclonal antibody. It is administered via subcutaneous injection typically by the patient at home. The most common dosing schedule is every other week following a loading dose. Prior to the recent FDA approval, pediatric inflammatory bowel disease care providers have used adalimumab off-label for patients refractory to other therapeutic options, and specifically as a next line for patients who have lost response to or cannot tolerate infliximab. Its new regulatory status will likely stimulate broader use of this drug, thereby prompting further interest and increased knowledge and understanding of its use.
The aim of this paper is to review the literature supporting the 2014 approval of adalimumab for the treatment of pediatric CD, and includes the landmark studies in adults that have led the way for pediatric medical decision-making and investigation. We also discuss the role of anti-TNF-α agents in the current treatment paradigm for pediatric CD.
The following case is illustrative of situations in which adalimumab might be considered in pediatric CD.
Case vignette
A 14-year-old female presents with a 6-month history of abdominal pain, loose stools with occasional blood, decreased growth velocity, and primary amenorrhea. Physical examination reveals a pale Tanner I teenager who appears younger than her chronologic age. Her abdomen is soft but mildly tender in the right lower quadrant. Two small anal tags are noted, without any evidence of fistula or abscess. Mild pre-tibial edema is seen as well as marked clubbing. Laboratory evaluation reveals anemia and elevation of markers of inflammation, including a hemoglobin of 9.8 g/L and an erythrocyte sedimentation rate of 65 mm/hour. Additional testing reveals a low albumin of 2.4 g/dL and a bone age consistent with an 11-year-old. Upper gastrointestinal endoscopy reveals no visual or microscopic inflammation in her esophagus, stomach, or duodenum. Ileocolonoscopy reveals marked ulceration of her terminal ileum and cecum as well as scattered aphthous lesions throughout her colon. Magnetic resonance enterography reveals 25 cm of diseased terminal ileum with marked wall thickening and mural enhancement.
One week later the physician meets with the patient and family to discuss possible therapeutic options that included: initial prednisone followed by a thiopurine for maintenance therapy; exclusive enteral nutrition followed by a thiopurine for maintenance therapy; and primary anti-TNF-α therapy with or without a concomitant immunomodulator Until recently, per the prevailing algorithm of care, the patient described in the above vignette would likely receive initial prednisone or exclusive enteral nutrition for induction of remission, followed by an immunomodulator for maintenance therapy. Anti-TNF-α agents were reserved for rescue therapy only after "conventional therapy" failure. However, since regulatory approval of infliximab in the late 1990s, which as mentioned above was the first anti-TNF-α agent approved for CD, evidence continues to mount in both the adult and pediatric literature supporting its safety, as well as its often superior efficacy in controlling symptoms, improving growth parameters, closing fistulae, decreasing the need for surgery, and possibly improving the natural history of the disease. [15] [16] [17] 22, 23, [30] [31] [32] [33] Thus, the role of anti-TNF-α agents as primary therapy given soon after diagnosis for patients with moderate to severe CD has gained traction. In current pediatric clinical practice, infliximab continues to be the Pediatric Health, Medicine and Therapeutics 2015:6 submit your manuscript | www.dovepress.com
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Adalimumab in pediatric Crohn's disease first anti-TNF-α used for most patients with moderate to severe CD, likely because it was the first anti-TNF-α agent approved for CD as well as enhanced dosing flexibility on a mg/kg basis. Adalimumab has to date been most often used as a second line anti-TNF-α agent when there has been a loss of response to infliximab because of development of neutralizing antibodies or when other infliximab-specific side effects have developed.
Landmark studies of adalimumab in adult CD
The major studies leading to approval of adalimumab for adults with CD include CLASSIC I and II, GAIN, EXTEND, and CHARM, including its open-label extension study ADHERE, which at this time includes 4 years of follow-up data.
34-41 CLASSIC I was a randomized, doubleblind, placebo-controlled trial that investigated induction of remission over a 4-week period. This study enrolled 299 adult patients with moderate to severe CD and naïve to anti-TNF-α therapy. The patients were randomized to receive adalimumab at varying doses or placebo. The primary endpoint of this study was remission at week 4. There was a linear dose response across dose groups; patients receiving the highest dosing schedule were three times more likely to achieve remission than those receiving placebo (36% versus 12%, respectively) which was statistically significant. There were no increased adverse events seen among patients receiving adalimumab compared with placebo. 34 CLASSIC II, the follow-up study that investigated maintenance of remission enrolled 276 patients from CLASSIC I. Patients received open-label adalimumab at weeks 0 and 2. At week 4, 55 patients were in remission. These patients were then rerandomized to receive adalimumab or placebo every other week or weekly. Maintenance of remission at week 56 was achieved in 79% and 83% of these 55 patients who received the alternate-week or weekly dosing schedule, respectively, compared with 44% of those who received placebo (P,0.05). In this study, there was no significant increase in adverse events among patients receiving the active drug compared with placebo. 35 GAIN was a 4-week, randomized, double-blind, placebocontrolled trial that enrolled 325 patients across 52 sites in the USA, Canada, and Europe to evaluate induction of remission in patients receiving adalimumab versus placebo for patients previously exposed to infliximab. In this study, patients had stopped infliximab due to continued symptoms or adverse events. GAIN showed that induction of remission with adalimumab in patients previously failing infliximab was observed in 21% compared with 7% in the placebo group (P,0.0001), 36 suggesting a role for adalimumab even in patients for whom previous anti-TNF-α therapy has failed.
EXTEND was a randomized, double-blind, placebocontrolled trial evaluating adalimumab for induction and maintenance of mucosal healing in 135 adults with moderate to severe ileocolonic CD. Concomitant therapy with immunomodulators, mesalazine compounds, and CD-related antibiotics was permitted provided that patients were at a stable dose as defined by the study protocol. Ileocolonoscopy was performed at weeks 12 and 52. Mucosal healing was observed in 27% versus 13% at week 12 (not statistically significant) and 24% versus 0% at week 52 (P,0.001) for patients who all received induction therapy and who were then randomized to receive adalimumab versus placebo, respectively. 38 As a follow-up to CLASSIC II, CHARM, now the largest prospective study to date evaluating the safety and efficacy of adalimumab for the treatment of CD in adults, was a randomized, double-blind, placebo-controlled multicenter study evaluating the safety and efficacy of adalimumab. This study enrolled 854 patients at 92 sites across North America, Europe, Australia, and South Africa. A total of 505 patients completed the 56-week study. First, patients received open-label induction therapy with adalimumab at weeks 0 and 2. At week 4, they were randomized to receive placebo or adalimumab weekly or every other week through week 56. The primary endpoint was clinical remission at weeks 26 and 56. At weeks 26 and 56, remission rates were 47%/41%, 40%/36%, and 17%/12% for patients receiving drug weekly, every other week, or placebo, respectively. Differences between weekly and every other week dosing schedules were not significant. However, differences between patients receiving drug versus placebo were significant. In this study, no significant increase in adverse events was seen in patients receiving drug versus placebo. 37 Patient data collection continued in an open-label extension study, ie, ADHERE, and 4 years of data are now published. [39] [40] [41] [42] Of note, after 4 years, 54% of patients who were in remission at 1 year following study enrollment, remain in remission and no new safety signals have emerged. 41 
Pediatric literature on adalimumab in CD
As is the case across many areas of medicine, investigation and drug approvals in pediatric CD have lagged behind those in adults. At present, pediatric-specific data on the use of adalimumab for the treatment of CD are limited, and pediatric practitioners tend to extrapolate heavily from adult investigation and clinical experience.
Other than a single case report, 43 there were no published pediatric data prior to 2008. Between 2008 and 2010, some pediatric data began to emerge, including additional case reports and small retrospective single-center studies. [44] [45] [46] [47] [48] In 2008, a small, open, prospective evaluation of the short-term and long-term efficacy and safety of adalimumab in children with moderate to severe CD was reported. 49 In this study, a total of 23 pediatric CD patients received subcutaneous adalimumab during a 48-week period. At baseline, 13 patients also received immunomodulators. Data were recorded at weeks 2, 4, 12, 24, and 48 weeks. Remission (response) rates at these time points were 36.3 (87%), 60.8 (88%), 30.5 (70%), 50 (86%), and 65.2 (91%), respectively. No serious adverse events were reported in this study. 49 A larger chart review study in 2009 looked at data across 12 sites participating in the Pediatric Inflammatory Bowel Disease Collaborative Research Group. In total, 115 patients with CD received at least one dose of adalimumab. Ninety-five percent of patients in the study had been previously treated with infliximab. Reasons for discontinuation of infliximab were loss of response (47%), intolerance (45%), or preference for subcutaneous medication (9%). Clinical response/ corticosteroid-free remission rates documented at 3, 6, and 12 months were 65/22%, 71/33%, and 70/42%. No serious adverse events were recorded. 50 An additional relatively larger chart review study published in 2011 summarizes the pediatric experience using adalimumab for patients living in the UK and Republic of Ireland. 51 Of the 72 patients (70 with CD, one with UC, and one with indeterminate colitis) studied across 19 pediatric centers, 94% of whom had previously received infliximab, remission rates were 24%, 58%, and 41% at 1, 6, and 12 months, respectively. The authors reported that 61% of all study subjects went into remission at some time during the study. Of the 46 patients treated with a concomitant immunomodulator, 34 (74%) went into remission during the study versus 9/24 (37%) patients who were not treated with a concomitant immunomodulator. Thirty-five percent of patients in the study required dose escalation. By the end of the study, 22 patients had discontinued adalimumab due to non-response, loss of response, an allergic reaction, or a prolonged drug holiday. There were 15 adverse events reported in this study, including four serious events, two of which resulted in death. Both deaths were in children receiving concomitant immunomodulator therapies who also had central venous catheters for total parenteral nutrition. Both deaths were attributed to catheter-related sepsis. Although notable, the downward trend in remission seen in the study between 6 and 12 months is difficult to interpret, especially without data points extending beyond 1 year.
In line with previous studies demonstrating positive effects of infliximab on growth and bone health in pediatric patients with CD, 25 ,31,52 a small 2012 study looked at the effects of adalimumab on growth among 36 children with CD. Catch-up growth was seen in 42% of patients, and was more likely to be seen in patients who achieved remission, were on concomitant immunomodulators, or whose indication for using adalimumab was an allergic reaction to infliximab. 53 The largest and most conclusive pediatric study to date addressing the safety and efficacy of adalimumab for CD, which led to approval of adalimumab by the FDA for pediatric CD, was IMAgINE 1 study, published in 2012. 27 This study prospectively enrolled 192 pediatric patients with moderate to severe CD for whom conventional therapy was unsuccessful. Patients received open-label induction therapy with subcutaneous adalimumab at weeks 0 and 2. Patients weighing $40 kg received 160 mg followed by 80 mg, and patients weighing ,40 kg received 80 mg followed by 40 mg. At week 4, patients were assigned to groups based on clinical response and prior exposure to infliximab. The groups were then given double-blind maintenance therapy with adalimumab at high or low doses (40 mg versus 20 mg for patients $40 kg and 20 mg versus 10 mg for patients ,40 mg) every 2 weeks for 48 weeks. Clinical remission at week 26 was the primary endpoint. At week 26, 33.5% of patients were in clinical remission, with no significant differences between the high-dose and low-dose groups. In this study, no new safety signals were detected. Twelve patients did experience a serious infection. No deaths, malignancies, or demyelinating disease events occurred during the study period.
Following IMAgINE 1, a retrospective study in 2013 looked at short-term and long-term follow-up of 120 pediatric patients with inflammatory bowel disease (101 with CD and 19 with UC) from three sites in Israel who were treated with anti-TNF-α therapy (either adalimumab [18%] or infliximab [82%]). 54 Response rates to infliximab and adalimumab did not differ and were thus compiled together. In this study, 89% of patients achieved a short-term response following induction. The cumulative probability of losing response to treatment was 17%, 38%, and 49% after 1, 3, and 5 years, respectively.
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Adalimumab in pediatric Crohn's disease cohort investigation of the efficacy of adalimumab in pediatric patients previously treated with infliximab. The efficacy of adalimumab was compared in patients who had non-response versus loss of response to infliximab. Fifty-three patients were studied. Twelve patients received monotherapy, and the remaining patients received combination therapy with immunomodulators, corticosteroids, or exclusive enteral nutrition. Median follow-up was 12 months. Remission was achieved in 64% and an additional 21% achieved a response. Further, remission was maintained by 50% of patients for 2 years. Adalimumab failures occurred in 34% during the observation period due to non-response, loss of response, or adverse events. More infliximab non-responders failed adalimumab treatment compared with patients who lost response to infliximab. There was one serious adverse event recorded in this study.
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Discussion
Regulatory approval of adalimumab for the treatment of moderate to severe pediatric CD in children removes a potential obstacle to its use and now offers clinicians another approved choice in the use of anti-TNF-α therapy. A key question is whether one of the two approved agents, infliximab or adalimumab, offers advantages over the other. In head-to-head adult studies, response and remission rates as well as other outcome measures, such as need for hospitalization or surgery and fistula or abscess formation appear similar, particularly in anti-TNF-α-naïve patients. 56 Regarding the use of a concomitant immunomodulator along with anti-TNF-α therapy, a landmark study in 2010 showed that infliximab plus a thiopurine significantly improves efficacy at 1 year compared with infliximab monotherapy or azathioprine monotherapy. 57 Efficacy data on adalimumab monotherapy versus combination therapy with adalimumab has been somewhat less clear. 58, 59 From a safety point of view, while studies have shown that monotherapy with anti-TNF-α agents (either infliximab or adalimumab) is not associated with an increased risk for malignancy, 60, 61 with the possible exception of some skin cancers, 60, 62, 63 immunomodulator therapy either alone or in combination with anti-TNF-α therapy has been linked to an increased chance of developing various malignancies, 60, 64, 65 including hepatosplenic T-cell lymphoma, an extremely rare but universally aggressive and fatal tumor that has almost exclusively affected only young males. 66 Although the safety and efficacy of concomitant immunomodulator therapy has been studied for both infliximab and adalimumab, head-to-head data are presently not available.
On a practical level, adalimumab may be easier to administer because it can be given at home as a subcutaneous injection by the patient or parent. It does not require a child to take time off school or the parent to miss work to travel to a health facility for an intravenous infusion of infliximab. However, injections of adalimumab are noted to be quite uncomfortable for some patients, and dosing is fixed by 20 mg and 40 mg syringes. In addition, adherence cannot generally be directly observed. On the other hand, infliximab, given as an intravenous infusion, often necessitates disruption of work and school schedules. However, there is greater dose flexibility on a mg/ kg basis, and administration can be monitored.
Recent data suggest that monitoring serum trough levels of either agent may facilitate improved efficacy by ensuring adequate drug is being administered as well as by identifying patients who have developed loss of response because of development of antibodies to the drug. [67] [68] [69] Both drugs are immunogenic and are associated with development of antibodies. 67 The central question moving forward is whether anti-TNF-α therapy should be positioned differently in pediatric patients with moderate to severe disease and used earlier in the disease course as first-line rather than as "rescue" following failure of "conventional" therapy. In other words, should the so-called top-down approach become the new "conventional therapy" for selected pediatric patients? A recent comparative effectiveness study of children newly diagnosed with CD convincingly demonstrated that early anti-TNF-α therapy (in the first 3 months following diagnosis) was superior to early immunomodulator therapy alone for the first 3 months in achieving clinical remission as well as improving growth parameters at 1 year in children with moderate to severe disease. The effect was noted despite a large number of patients receiving immunomodulator therapy early in the course of treatment who were then subsequently treated with anti-TNF-α agents between 3 and 12 months. 30 This paper did not purport to support the use of early anti-TNF-α therapy in all newly diagnosed children with CD. However, it did suggest that biologic therapy should be considered early on for children identified as being at "high risk" for poor outcomes. A recent consensus statement suggested the following features as conferring high risk: extensive disease, deep ulcerations on colonoscopy, marked growth retardation, osteopenia, penetrating or stricturing disease at diagnosis, and severe perianal disease. 70 In adults, predictors of disabling disease include age ,40 years, an initial requirement for corticosteroids to control symptoms, and perianal disease. 71 Clearly, many children meet these last criteria as well. 
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Zeisler and Hyams
Other biologic agents may also be of value in the treatment of children with moderate to severe CD, but require further study. Certolizumab pegol (an additional anti-TNF-α agent approved in 2008 for adults with CD) 72 is a PEGylated antigen binding fragment (Fab') of a humanized monoclonal antibody to TNF-α. This agent is also currently indicated for the treatment of rheumatoid arthritis, psoriatic arthritis, and ankylosing spondylitis. Certolizumab pegol is administered subcutaneously every 4 weeks after induction. Data on its use in children are currently sparse. There are some data published in abstract form from NURTURE, an ongoing pediatric trial aiming to recruit 160 patients for evaluation of the safety, efficacy, pharmacokinetics, and immunogenicity of certolizumab pegol in children. 73 Preliminary data suggest that plasma concentrations of certolizumab pegol during the 6-week induction period are similar to those observed in adults when body weight is taken into account.
Natalizumab, a humanized monoclonal antibody against the cell adhesion molecule α4-integrin, is approved for adult CD (as well as multiple sclerosis). This medication, which is administered by intravenous infusion every 4 weeks, works by inhibiting leukocyte migration from blood vessels to sites of inflammation. Natalizumab was initially approved by the FDA in 2004, but was subsequently withdrawn from the market due to cases of progressive multifocal leukoencephalopathy, a rare neurologic condition caused by the John Cunningham virus. Natalizumab was then reintroduced in the USA in 2006 under a restricted distribution program. 74 A single small pediatric cases series published in 2007 suggested utility in children, although the dosing schedule used in that study was likely suboptimal. 74 The fear of progressive multifocal leukoencephalopathy has likely limited its use in children.
Vedolizumab, approved in 2013 for the treatment of adult CD and UC, is a monoclonal antibody that demonstrates gut-selective anti-inflammatory activity by binding to the α 4 β 7 integrin. It does not appear to be associated with progressive multifocal leukoencephalopathy, but there are currently no pediatric data and clinical trials in children have not been started.
Thus, in reference to the clinical vignette presented earlier in this paper, given current data from the pediatric and adult literature regarding the safety and efficacy of anti-TNF-α agents and the natural history of moderate to severe CD in children, we would advocate cautious consideration of anti-TNF-α as a first-line treatment for this patient, who presents with high-risk features of disease, including growth retardation. Either infliximab or adalimumab could be used, although the only published data on early use is with infliximab. 30 Concomitant use of an immunomodulator, such as 6-mercaptopurine/azathioprine or methotrexate, would be considered in our patient, although the latter option would be potentially problematic if the patient was sexually active or planned to become sexually active, due to the known teratogenic effects of methotrexate. Data have shown that while concomitant 6-mercaptopurine/azathioprine along with anti-TNF-α therapy may provide increased efficacy as well as increased durability due to suppression of anti-TNF-α neutralizing antibodies, 57, 75, 76 there are limited data on the utility of methotrexate in the same role. However, at this time, the data do show that concomitant methotrexate may improve trough levels of TNF-α, possibly leading to increased durability of effect. 75 Over the last 2 decades, primarily through addition of biologic therapies to the clinical armamentarium, there has been considerable progress in our ability to help patients with CD achieve remission, avoid corticosteroid use, and other disease complications, including surgery. At this time, as discussed, there are only two biologic agents approved for pediatric CD, ie, infliximab and adalimumab. Going forward, in order to further optimize the use of biologic agents for pediatric CD, continued investigation will be needed to demonstrate safety and efficacy for newer agents not yet approved for pediatric use, and to optimize dosing schedule guidelines and monitoring of drug levels.
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